Implantation of MD probe causes an acute tissue trauma and provokes innate response cascades. In order to normalize tissue a two hours equilibration period for analysis of small molecules has been reported previously. However, how the proteome profile changes due to this acute trauma has yet to be fully understood. To characterize the early proteome events induced by this trauma we compared proteome in muscle dialysate collected during the equilibration period with two hours later in "posttrauma". Samples were collected from healthy females using a 100 kDa MW cut off membrane and analyzed by high sensitive liquid chromatography tandem mass spectrometry. Proteins involved in stress response, immune system processes, inflammatory responses and nociception from extracellular and intracellular fluid spaces were identified. Sixteen proteins were found to be differentially abundant in samples collected during first two hours in comparison to "post-trauma". Our data suggests that microdialysis in combination with mass spectrometry may provide potentially new insights into the interstitial proteome of trapezius muscle, yet should be further adjusted for biomarker discovery and diagnostics. Moreover, MD proteome alterations in response to catheter injury may reflect individual innate reactivity.
Scientific RepoRts | 7:43512 | DOI: 10.1038/srep43512 blood vessels [3] [4] [5] , which results in local blood flow interruption and bleeding [5] [6] [7] , followed by cascades of fast signaling molecular events 6 . MD probe implantation itself can lead to inflammatory responses, both acute and chronic 6 , leading to a variety of substances being released from the damaged tissue, including inflammatory mediators, such as chemokines and cytokines. MD injury can also led to activation of sensory receptors including nociceptors if trauma is localized in the vicinity to them, generating sensation of pain 8 . Therefore, there are reasonable concerns about inaccurate interpretation of rather complex stress, wound, wound repair, and disease response events: the disease-related and catheter injury-associated events can involve the same proteins/molecules and thus the sum of events, which can, potentially, compromise study outcomes 6 . In order to minimize the influence of needle trauma on experimental outcomes, the "recovery and equilibration" period is often introduced to allow the vascular reaction to return to the normal (or stabilized) state 9 . Thus an equilibration period of two hours after probe injection is typically used in small molecular MD sampling protocols, and initial fractions under 2 hours often are discarded or not analyzed. The same two hours equilibration period is often used even in case of protein biomarkers sampling [10] [11] [12] , thus discarding potentially useful information about the individual innate response, which might be different depending on individual subject condition 3 . In this respect a better understanding of processes that occur in tissues during microdialysis is needed.
The present study aimed to evaluate changes in the proteome over time following catheter insertion in the trapezius muscle of healthy subjects. We performed proteomic analyses of MD fraction collected immediately after insertion of MD probe (trauma protein fraction (T)) and compared it to the fractions collected 2 hours later (post trauma fraction (PT)).
Results and Discussion
In present study we used advantages of high-resolution mass spectrometry for the analysis of peptides obtained from two different muscle dialysate fractions of individual subjects: equilibration period "trauma" fraction (T), collected immediately after catheter insertion and a "post-trauma" fraction (PT) collected 2 hours later. Proteins from dialysate fractions obtained from trapezius muscle interstitium of six healthy female subjects were subjected to minimal sample preparation: desalted, concentrated, and digested with trypsin. Equal amounts of peptides were analyzed in duplicate by LC-MS/MS. The obtained raw files were analyzed using Sequest HT algorithm in Proteome Discoverer (Thermo). The parsimony principle was applied and proteins with similar sequences sharing the same identified peptides were reported as one group.
This straightforward approach allowed the identification of 2516 proteins, in total, merged in to 579 protein groups. A substantial variance between individual samples was observed. Only about 40% of all proteins were identical between all individual subjects from both T and PT periods. Datasets for T and PT samples for proteins detected with top PSMs and identified with the largest number of peptides, were generally the same for all samples ( Fig. 1 ). Proteins identified with top scores were generally the same for T and PT samples (Tables 1 and 2 ) and includes structural proteins and proteins abundant in plasma/serum. Actin and myosin isoforms are major proteins in muscle cells known to be released into blood in case of muscle damage 13 . Ten proteins (serum albumin, hemoglobin, carbonic anhydrase-1, immunoglobulins, α 1-antitrypsin, serotransferrin, fibrinogen, complement C3, hemoplexin, and prothrombin) were identified with top scores in all fractions are well known as the most abundant blood/serum/plasma proteins (Fig. 1) .
Apparently, all these highly abundant proteins are present in extracellular space of the muscle as a result of catheter injury and can potentially obscure low-abundant species for proteomic analysis: this problem is well known for many proteomic studies for biomarkers 14 . The excess of serum proteins compared to other proteins was identified as a big technical challenge of MD [15] [16] [17] and proteomic analysis of muscle interstitium can be compromised by the presence of high abundant proteins from blood/serum/plasma. Indeed, a depletion step would decrease sample complexity and improve detection and quantification of extremely low abundant proteins, however there is always the risk to remove some proteins of interest associated with high-abundance proteins. At the same time, many of skeletal muscle enzymes are known as the useful markers of muscle injury. For example, levels of creatine kinase, myoglobin, troponin, and carbonic anhydrase (CAIII) vary widely in both pathological and physiological conditions 18 . Data files obtained in Proteome Discoverer were exported and further validated in Scaffold software with 90% peptide identification probability, 99% protein identification probability parameters and with minimum 2 peptides required for protein identification, resulting in a 0.0% peptide decoy false discovery rate. Proteins were merged into 212 clusters according to Scaffold's protein cluster analysis algorithm. (Supplementary data S1).
Scaffold software was used to perform a comparative differential analysis of T and PT samples, employing Student's t-test using normalized spectral abundance factor method (NSAF) to normalize run-to-run variations 19 . Sixteen proteins were found to have statistically significant differential abundance in T and PT samples ( Table 3) . Most of these 16 proteins are known to leak out into the blood in case of tissue damage and represent markers of cellular damage. Four proteins related to muscle energy metabolism: isoform 2 of triosephosphate isomerase; phosphoglycerate kinase; creatine kinase and beta-enolase M-type were significantly higher at initial T and decreased in PT fractions.
Creatine kinase plays a central role in energy transduction especially in skeletal muscle tissues, where rapid energy consumption is needed, and creatine kinase levels/activity in plasma are known to vary between healthy subjects depending on age, gender, race, and physical activity 20 . In conditions that damage skeletal muscles or brain (heart attacks, myositis, strenuous exercises, muscular dystrophy, cerebral diseases, any mechanical muscle damage), creatine kinase is released from muscle into the blood. The routine test for elevated levels of creatine kinase in blood is traditionally used to detect inflammation of muscles or serious muscle damage 21 . Phosphoglycerate kinase, triosephosphate isomerase, and muscle specific glycolytic enzyme beta-enolase play important roles in glycolysis and glucogenesis and are essential for efficient energy production. Beta-enolase is also known as a serum marker for muscle damage 22 . The levels of 12 proteins (myozenin-1, troponins, vimentin, profilin, RhoGDI2, alpha-crystallin B, histone H1.5, S100-A8 and S100-A9) were increased in PT samples in comparison to initial T samples. Four of them were muscle contraction and calcium signal transduction -related proteins: myozenin-1 and troponins. In skeletal muscle, calcium plays a pivotal role in signal transduction and is essential for cellular processes such as excitation-contraction coupling 23 . Troponins (Troponin T, fast skeletal muscle, Troponin I, slow skeletal muscle, Isoform 2 of Troponin T, slow skeletal muscle) are regulatory proteins in skeletal and cardiac muscle. Raised troponin level is used as plasma marker of skeletal muscle damage and particularly as an indication of cardiac muscle cell death. Proteins involved in actin cytoskeleton regulation (vimentin and profilin): Profilin-1 is one of the most important regulators of F-actin dynamics, regulating many intracellular functions implicated to play a role in many pathological conditions 24 . Vimentin is known to be implicated in the regulation of cell migration and proliferation during the wound healing process [25] [26] [27] ; desmin and vimentin are markers of regeneration in muscle diseases [28] [29] [30] , and up-regulated vimentin level is a marker of skeletal muscle injury 31 . Among proteins which were up-regulated in all PT samples we identified a two proteins with chaperon activities: Rho GDP-dissociation inhibitor 2 (RhoGDI2) and alpha-crystallin B. RhoGDI2 (a member of a small family of chaperone proteins, which controls Rho GTPases 32 ) is linked to apoptosis-induced cytoskeletal reorganization and is potentially associated with oxidative stress, apoptosis, and wound healing 33 . Alpha-crystallin B (Heat shock protein beta-5, HspB5) is part of the small heat shock protein family and is able to interact with misfolded proteins to prevent protein aggregation and a wide range of cell stress conditions, as well as inhibit apoptosis and contribute to intracellular architecture 34 . During cell stress, induction and secretion of HSPs leads to pro-inflammatory cytokine and chemokine release activating immune responses 35 . Alpha-crystallin B was found to be upregulated in trapezius muscle of chronic widespread pain subjects in comparison to healthy control group in our previous MD-study 12 . The level of Histone H1.5 was also increased in PT samples. Beside the classical gene-regulating role, extracellular histones bind to receptors and trigger activation of multiple signaling pathways. Histone levels are known to be significantly elevated in response to injury and involved in the regulation of inflammation 36 . Furthermore, the linker Histone H1.5 was suggested to play a role in the development of muscle 37, 38 and may stimulate the proliferation of satellite myoblasts during skeletal muscle regeneration 39 . Calcium binding proteins S100-A8 and its binding partner S100-A9 (calgranulin A and B respectively) are involved in the regulation of inflammatory, anti-inflammatory, and immune responses. As well as histone H1.5 and HSPs, these proteins have both intracellular (calcium-binding; regulation of microtubule) and extracellular functions. S100A8 and A9 are known to be released from damaged cells in response to stress and are classified as damage associated molecular pattern (DAMP) molecules 40 . Serum protein levels of S100A8/A9 were found to be elevated in many inflammatory diseases and these proteins are known to be involved in the wound healing process 41 . To spot possible protein candidates of potential diagnostic value we performed the Scaffold Gene ontology analysis of all identified proteins, which revealed large groups correlated to stimuli response, metabolic process, localization and developmental process (Fig. 2) . Fifty-four protein clusters were identified to be involved in immune system processes (Table 4 ). An interaction map of these proteins was build using String (Search Tool for the Retrieval of Interacting Genes/Proteins, version 10.) (Fig. 3) and according to bioinformatics analysis 41 of 54 inflammatory proteins can be classifies as extracellular region proteins (Fig. 3, red color) .
Many proteins were annotated to be functionally involved in the regulation of nociception, inflammation and many other essential major biological processes and reported to be potential predictive biomarkers are low-molecular weight proteins (< 25 kDa). According to Scaffold analysis, 106 protein groups identified with at least one peptide were corresponding to proteins with molecular weight of less or equal 25 kDa (Supplementary S2). The list of the identified protein was subjected to STRING analysis to reveal functional interactions between the low mass proteins, most of them (as much as 74) belonging to extracellular region proteins. Interestingly, the function of 46 of these proteins was identified as "response to stress" (Fig. 4, red color) .
In our previous study we employed the MD technique in combination with 2-D electrophoresis and in-gel digestion to characterize changes in trapezius muscle interstitial proteome in women with chronic myalgia 12 . However, proteins with low-molecular weight are often underrepresented in in-gel digestion based proteomic studies or their coverage and, by that; validity of their identification is small. The limited number tryptic cleavage sites and by that limited number of generated tryptic peptides in the small proteins should be taken into consideration as well.
From the collected fractions we were able to identify 13 proteins involved in nociception (Table 5) with rather low levels and low reproducibility with some exceptions: high molecular weight kininogen, neutrophyl cytosolic factor 2 and calmodulin 5 were identified with 3 or more peptides. Consistent with previous publications 3,15 no significant levels of interleukins were detected in these sampling conditions.
Conclusions
Proteins involved virtually in stress responses, immune system processes, inflammatory responses and nociception were identified in the interstitial fluid MD proteome in healthy pain free subjects. Moreover, the comparison proteins in "trauma" dialysate collected immediately after catheter insertion with proteins from "post-trauma" MD-fraction revealed 16 differentially abundant proteins (p < 0.05). Our results demonstrate that MD-LC-MS/ MS is a promising approach to provide new insights into the interstitial proteome of muscle, and potentially can be further adjusted for biomarker discovery and diagnostics. The presence of highly abundant serum and muscle structural proteins, sample complexity, multiple protein isoforms, protein modifications and low abundance of many proteins of interest are the key challenges. Moreover, careful validation of biological relevance of biomarkers is of great importance for personalized medicine.
The damage caused by the MD probe should be taken into consideration when analyzing disease biomarkers using MD.
Materials and Methods
Subjects. Six healthy women (age: 35.1 ± 8.3, BMI: 23.8 ± 2.3) were included in this study. Subjects were instructed not to drink any beverages with caffeine on the day of the study, not to smoke and to avoid NSAID-medication the week before the study. The participants arrived at the clinic in the morning after having eaten breakfast. A brief interview was then made by one of the physicians checking that the instructions had been followed. All subjects reported that they had followed the instructions. During the study, they were not allowed to Protein S100-A9 S100A9 S10A9_HUMAN Protein S100-A7 S100A7 S10A7_HUMAN
Ras-related protein Rab-7a RAB7A RAB7A_HUMAN eat, but they could drink water. All participants gave their informed written consent before the start of the study. The study was approved by the Ethical Committee of Linköping University (Dnr: M10-08) and the methods were carried out in accordance with the approved guidelines.
Microdialysis.
Microdialysis was performed generally as described in ref. 12 . Samples were collected during 20-120 minutes after the catheter insertion (trauma period samples, T) and during 140-200 minutes after the catheter insertion (post-trauma samples, PT). All vials were weighed before the experiment started and after each 20 minutes interval in order to confirm that sampling and fluid recovery (FR) was working according to the perfusion rate set. Vials with visible sign of hemolysis were discarded. The samples were stored on ice to prevent protease activation. The samples were then stored as aliquots in − 70 °C until analysis.
Protein extraction and digestion. Samples were subjected to 3 kDa Amicon spin-filter (Merck Millipore)
to desalt and concentrate the protein contents. The desalted proteins were dried by speed vacuum concentrator, redissolved in 6 M urea in 25 mM ammonium bicarbonate and incubated at room temperature for at least 30 minutes. The proteins were reduced by incubating in 25 mM DTT for 15 minutes and alkylated with 75 mM iodacetamide for an additional 15 minutes. The samples were diluted 8 times with 25 mM ammonium bicarbonate and filtered by 3 kDa Amicon spin-filter before digestion with trypsin (1:25, w/w trypsin/protein). The digested peptides were dried in speed vacuum concentrator, reconstituted in 0.1% of formic acid in MilliQ water and approximately 0.25 μ g was subjected to LC-MS/MS analysis. LC-MS/MS analysis. Peptides were separated by reverse phase chromatography on a 20 mm × 100 μ m C18 pre column followed by a 100 mm × 75 μ m C18 column with particle size 5 μ m (NanoSeparatoons, Nieuwkoop, Netherlands) at a fow rate 300 nL/min. EASY-nLC II (Thermo Scientific) by linear gradient of 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B) (0-100% B in 90 min). Automated online analyses were performed with a LTQ Orbitrap Velos Pro hybrid mass spectrometer (Thermo Scientific) with a nano-electrospray source.
Database searches. Raw files were searched using Sequest HT in Proteome Discoverer (Thermo Fisher Scientific, San Jose, CS, USA; version 1.4.0.288) against a Uniprot Human database (available at UniProtKB website: http://www.uniprot.org/taxonomy/9606) with the following parameters: semi trypsin was used as digestion enzyme; maximum number of missed cleavages 2; fragment ion mass tolerance 0.60 Da; parent ion mass tolerance 10.0 ppm; fixed modification-carbamidomethylation of cysteine; variable modifications -N-terminal acetylation. Data were filtered at 1% false discovery rate, high peptide confidence; rank 1 peptides in top scored proteins.
Data evaluation. Identified proteins were filtered using SCAFFOLD (version 1.4.0.288; Proteome Software Inc., Portland, OR, USA). Identifications were based on a minimum of 2 unique peptides, 90% peptide identification probability (using the Scaffold Local FDR algorithm), and 99% protein identification probability (using the Protein Prophet algorithm), resulting in a 0.0% decoy FDR. Proteins that contained similar peptides and which could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony.
The label-free quantitative analysis of peptides was performed by spectral counting analysis, using normalized spectral abundance factor (NSAF), calculated for each protein to normalize run-to-run variations 19 , and quantitative differences were statistically analyzed by a t-test. Differences with p values lower than 0.05 were considered statistically significant. Identified proteins were categorized according to gene ontology terms.
String (Search Tool for the Retrieval of Interacting Genes/Proteins, version 10) and Pathway Studio (Elsevier) were used for bioinformatics analysis. Table 5 . Proteins potentially involved in regulation of nociception pathways.
